Direct-gaze signals are known to modulate human cognition, including self-awareness. In the present study, we specifically focused on 'bodily' self-awareness and examined whether direct gaze would modulate one's interoceptive accuracy (IAcc)-the ability to accurately monitor internal bodily sensations. While viewing a photograph of a frontal face with a direct gaze, an averted face or a mere white cross as a baseline, participants were required to count their heartbeats without taking their pulse. The results showed higher IAcc in the direct-gaze condition than in the averted-face or baseline condition. This was particularly the case in participants with low IAcc at baseline, indicating that direct gaze enhanced the participants' IAcc. Importantly, their heart rate was not different while viewing the direct gaze and averted face, suggesting that sensitivity to interoceptive signals, rather than physiological arousal, is heightened by direct gaze. These findings demonstrate the role of social signals in our bodily interoceptive processing and support the notion of the social nature of self-awareness. Maister, Hodossy, & Tsakiris, 2017), and interestingly, the effect was https://doi.
Introduction
Direct gaze modulates certain aspects of cognitive processing (Senju & Johnson, 2009 ), including attention capture (Senju & Hasegawa, 2011) , enhancement of memory (Conty & Grèzes, 2012; Mason, Hood, & Macrae, 2004) , and promotion of prosocial behaviour (Baillon, Selim, & van Dolder, 2013) . Recent work has proposed that a fundamental effect of direct gaze is to induce self-awareness, which results in modulation of incoming information processing and related decisions (Conty, George, & Hietanen, 2016) . Consistent with this theory, studies have shown that when individuals face another person with a direct gaze, their public self-awareness-concern about how one presents oneself and is perceived by others-is heightened (e.g., Hietanen & Hietanen, 2017; Hietanen, Leppänen, Peltola, Linna-aho, & Ruuhiala, 2008; Myllyneva, Ranta, & Hietanen, 2015; Pönkänen, Peltola, & Hietanen, 2011) . In addition to the public self, research has examined the modulation of bodily self, namely the internal and private aspects of the self. In particular, sensitivity to interoceptive signals, which is afferent information that arises from the body and has been considered to be a core element of bodily self-awareness, has been focused on. For example, Baltazar et al. (2014) presented either a face with a direct gaze or an averted face, followed by a presentation of an emotional picture. Participants were then asked to rate the intensity of their physiological reactions induced by the emotional picture. The results showed that when participants were exposed to a direct gaze, they rated their emotional reaction more accurately with respect to their interoceptive signals than when they were exposed to an averted face.
However, bodily self-awareness does not only occur when the body is physiologically aroused by external stimuli, but is continuously present as background feelings and thoughts that are deeply related to our basic feelings of existence. According to Damasio (2010) , feelings of existence are supported by continuous brainstem mapping of homeostatic information about the interoceptive state of the body. If direct gaze generally enhances basic bodily self-awareness, it would also heighten sensitivity to internal sensations that arise continuously without external stimulation. The ability to accurately monitor internal bodily sensations is referred to as interoceptive accuracy (IAcc), often measured by asking individuals to count their heartbeats without relying on their pulse (Garfinkel, Seth, Barrett, Suzuki, & Critchley, 2015; Schandry, 1981) . While IAcc varies across individuals and is basically considered as a trait-like characteristic with high-retest reliability (e.g. Werner, Kerschreiter, Kindermann, & Duschek, 2013) , several studies have demonstrated temporary state-like changes in IAcc by experimental manipulation. For example, IAcc was improved by presenting self-relevant information such as one's own face, self-relevant words and a romantic partner's face (Ainley, Tajadura-Jiménez, Fotopoulou, & Tsakiris, 2012; Ainley, Maister, Brokfeld, Farmer, & Tsakiris, 2013;  often observed only for those with lower IAcc at baseline (Ainley et al., 2012; Maister et al., 2017) . Other studies have examined the modulation of IAccs by more social stimulation. Durlik and Tsakiris (2015) showed that IAcc decreased after an experience of social exclusion. They suggested that social exclusion triggered a shift from predictive to reactive control, which caused attention to be oriented externally than internally. Conversely, another study showed that being faced by a video camera switched on, which is considered to induce the feeling of being watched (Carver & Scheier, 2012; Davies, 2005) , did not impact the IAcc (Durlik, Cardini, & Tsakiris, 2014) . The authors suggested that interoceptive processing would not be affected by social self-focus, as opposed to private self-focus such as observing oneself in a mirror. However, the feeling of being watched by being recorded with a camera is not equivalent to being watched or gazed at by a physically exposed human with a visible face because the latter would particularly convey the signal that another person may intend to interact.
To clarify this issue, the present study examined whether direct gaze would modulate IAcc. We employed a well-established heartbeat counting task to measure IAcc and manipulated the context by presenting a frontal face with a direct gaze, an averted face looking away or a mere white cross as a baseline. Potential moderating effects of participants' sex and baseline IAcc were also examined because some previous studies reported that males have higher IAcc than females (Cameron, 2002) and that participants with lower baseline IAcc, categorised with median splits, showed greater change of IAcc by experimental manipulation (Ainley et al., 2012; Maister et al., 2017) .
Material and methods

Participants
The final sample consisted of 57 undergraduate students (26 females) whose resting heart rate (HR) was in a range of 50-100 bpm. According to a power analysis using PASS 2019 (NCSS LLc.), the sample size exceeded the number of samples (N = 50) needed to detect the effects of experimental manipulation with 90% power (with α = 0.05), which was calculated by using the IAcc scores reported in the most similar previous study (Maister et al., 2017) . This study received approval from the institutional ethics committee of Waseda University (#2015-033) and has adhered to the Declaration of Helsinki. All the participants gave written informed consent for their participation.
Stimuli and procedure
Six faces (three females) with a frontal head orientation with a direct gaze were used as the stimuli for the direct-gaze condition. Another set of six faces with both the gaze and face oriented 45°to either the left (two females) or right (one female) were used as the stimuli for the averted-face condition. All the faces had a neutral expression. The original faces were selected from the Redboud Faces Database (Langner et al., 2010) , and 680 (W) by 850 (H) pixel images were produced after editing ( Fig. 1 ). A white cross (10 [W] by 10 [H] pixels) was employed for the baseline condition.
The participants were asked to count their heartbeats for a particular interval without taking their pulse. There were six durations (20, 25, 30, 35, 40 and 45 s) for each stimulus condition (direct-gaze, averted-face, baseline), making a total of 18 trials, which were presented in random order after one training trial of the baseline condition with a 10-s interval. Three disposable paediatric AgCl electrodes were attached to each participant's chest and back; their heartbeats were measured by a 3-lead electrocardiogram setup using a BIOPAC MP150 system (BIOPAC Systems Inc.). They were then given the following instructions: 'Your task is to silently count your own heartbeats, simply by relaxing and listening to your body. You are not allowed to take your pulse or use any other external aid to do this. It is normal not feel every heartbeat. Therefore, just try to count the heartbeats that you feel by concentrating on the inside of your body. Please keep looking at the monitor while counting'. Each trial started when the participant pressed a spacebar of the keyboard. Thereafter, a context stimulus, namely a frontal face with a direct gaze, an averted face or the white cross, was shown for a predetermined interval, and the participants were asked to count their heartbeats until "Stop" was presented on the monitor. Then they reported the number of heartbeats they counted. The participants engaged in the task alone in a booth enclosed by a curtain. One participant who did not follow instructions and took her pulse during the task was excluded from the analysis.
Data analysis
We detected R-wave peaks from an electrocardiogram trace and counted the number of R-waves that induced beats in each trial. IAcc scores were calculated for each trial by means of the following formula, where scores closer to 1 represented better IAcc: = − IAcc 1 | recorded beats-counted beats | recorded beats
For each participant, a median value of IAcc scores across the six trials was calculated as a representative value for each condition and used for the statistical analyses. Following previous studies ( , Ainley et al., 2013 Durlik & Tsakiris, 2015; Durlik et al., 2014; Maister et al., 2017) , we performed median split based on the baseline IAcc scores and divided the participants into the high-IAcc and low-IAcc groups. In all, 15 males and 13 females were in the high-IAcc group, and 16 males and 13 females were in the low-IAcc group. We then performed a three-way ANOVA on the IAcc scores with IAcc-Group (high-IAcc, low-IAcc) and Sex (male, female) as between-participant factors, and Condition (direct-gaze, averted-face, baseline) as a withinparticipant factor. Multiple comparisons following a significant effect were adjusted using Ryan's method. We also calculated the mean HR for each trial to examine whether arousal levels differed across the conditions and performed the same analysis as with IAcc. Finally, we conducted a Pearson's correlation analysis of the differences in IAcc scores and the differences in HRs between the direct-gaze and avertedface conditions to confirm that IAcc modulation is independent of changes in physiological arousal.
Results
The mean IAcc scores and the mean HRs for each condition in each IAcc group are presented in Fig. 2 . A three-way ANOVA showed a main effect of Condition (F 1, 53 = 3.7; p = 0.03; pη 2 = 0.07). Multiple comparison indicated that IAcc in the direct-gaze condition was higher than in the averted-face condition (t 106 = 2.7; p = 0.008; r = 0.25), whereas the difference did not reach significance between the direct- gaze and baseline conditions (t 106 = 1.8; p = 0.08; r = 0.17) or between the averted-face and baseline conditions (t 106 = 0.87; p = 0.39; r = 0.09). Importantly, the interaction between Condition and IAcc-Group was significant (F 2, 106 = 5.7; p = 0.005; pη 2 = 0.10). A subsequent test indicated that the simple main effect of Condition for the low-IAcc group was significant (F 2, 106 = 6.7; p = 0.002; pη 2 = 0.10), but it was not for the high-IAcc group (F 2, 106 = 2.7; p = 0.07; pη 2 = 0.04). Additional multiple comparison for the simple main effect of Condition in the low-IAcc group showed that IAcc in the direct-gaze condition was higher than in the averted-face (t 106 = 2.6; p = 0.01; r = 0.24) and baseline conditions (t 106 = 3.6; p = 0.0005; r = 0.33), whereas the IAccs in the averted-face and baseline conditions were not statistically different (t 106 = 1.0; p = 0.32; r = 0.10; Fig. 2A ). No other effects or interactions were found to be significant besides the main effect for the IAcc-Group (F 1, 53 = 76; p < 0.0001; pη 2 = 0.59).
A three-way ANOVA of HRs showed a main effect of IAcc-Group (F 1, 53 = 76; p = 0.04; pη 2 = 0.07), indicating that, overall, HRs during the task were higher in the low-IAcc group than in the high-IAcc group. The interaction between Condition and Sex was also significant (F 2, 106 = 5.1; p = 0.008; pη 2 = 0.09). A subsequent test showed that a simple main effect of Condition was significant for female participants (F 2, 106 = 6.2; p = 0.003; pη 2 = 0.10), but not for male participants (F 2, 106 = 0.52; p = 0.59; pη 2 = 0.01). Multiple comparisons for the simple main effect of Condition in female participants found that the HR in the baseline condition was higher than in the direct-gaze (t 106 = 2.7; p = 0.007; r = 0.26) and averted-face conditions (t 106 = 3.1; p = 0.003; r = 0.29). The HRs for the direct-gaze and averted-face conditions were not statistically different (t 106 = 0.32; p = 0.75; r = 0.03; Fig. 2B ). The ANOVA did not reveal any other significant effects. Finally, correlation analysis indicated that the differences in IAcc scores and in HRs between the direct-gaze and averted-face conditions were not significantly correlated (r = −0.25; p = 0.07; Fig. 3) .
Discussion
The present study demonstrated that the observation of a direct gaze improved one's ability to monitor one's heartbeat accurately (i.e. IAcc), particularly in those with initially lower IAccs at baseline, without changing the HR. The results support the theory that direct gaze has a self-referential power (Conty et al., 2016) and address the criticism of Silvia and Gendolla (2001) that a valid test must compare self-reported internal perception (e.g. counted heartbeats) against an objective standard (i.e. recorded heartbeats), without introducing confounding changes in physiological variables.
It was previously demonstrated that IAcc was enhanced by self-relevant information, including one's own face, self-relevant words and a romantic partner's face ( , Ainley et al., 2013 Maister et al., 2017) . The present study advanced these findings and is the first to demonstrate that direct gaze, which is not necessarily self-relevant, but is a social signal that conveys another's intention to communicate with the self, has a similar effect on interoceptive processing. Since the HRs during the observation of the faces did not differ between the conditions, the difference of IAcc between the direct-gaze and averted-face conditions was not caused by increased arousal, but more likely reflects the sensitivity or accessibility to one's internal bodily sensations. A previous study showed that being faced by a camera switched on, which is believed to induce the feeling of being watched, had no impact on IAcc (Durlik et al., 2014) . A possible reason that explains the discrepancy between that study and our own would be that while direct gaze conveys the signal that another person may intend to interact, being recorded by a camera may not necessarily indicate this. Recently, Hazem, George, Baltazar, and Conty (2017) demonstrated that presenting a pre-recorded video showing an actor facing the viewer increased participants' bodily self-awareness, but only when participants believed themselves to be in live connection with the actor. In addition, not only a face with a direct gaze but also social contact in the auditory (hearing one's own name) or tactile (human touch) modality has been shown to produce a similar enhancement effect of bodily self-awareness (Hazem, Beaurenaut, George, & Conty, 2018) . These findings suggest Fig. 3 . Inter-participant association between the differences in IAcc and differences in HR between the direct-gaze and averted-face conditions. Each dot represents an individual data point. Males' data are coloured blue (or darker gray for a black-and-white print) and females' data are coloured pink (or lighter gray for a black-and-white print). The correlation was not statistically significant. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) that perceiving other's intention to potentially communicate or interact plays a key role in enhancing our bodily self-awareness.
We speculate that direct gaze induces self-focused attention, which modulates the top-down gating of attention to interoceptive signals, relative to other sensory modalities, which increase the IAcc. This fits well with the model proposed by Ainley, Apps, Fotopoulou, and Tsakiris (2016) within the predictive-coding framework. They have suggested that the top-down gating of attention can also explain why such an effect is often not observed for those with initially higher IAcc because they are presumably better able to attend to the internal states of their bodies, even in the absence of any externally driven focus of attention to the self (Ainley et al., 2016 (Ainley et al., , 2012 . This raises the question why attention to interoceptive signals is prioritised over other sensory modalities by direct-gaze signals that come from the external environment. This could be explained by the intrinsically social nature of the self. In human development, the self is proposed to be experienced first by being the object of another's attention (Reddy, 2003) . A recent theory proposes that the most minimal aspects of selfhood, namely the feeling of being an embodied, agentive subject, are fundamentally shaped by embodied interactions with other people (Fotopoulou & Tsakiris, 2017) . Even in adults, how we become aware of the self is intrinsically linked to how we relate to others (Palmer & Tsakiris, 2018) ; how we understand others is based on how we become aware of the self because understanding others often occurs through the re-enactment of one's own actions emotions, and sensations (Decety & Grèzes, 2006) . Accordingly, we may need to listen to our own body more when relating to others than when alone, to distinguish the self from others or to integrate the self and others, e.g. when empathising with others.
In the present study, we observed lower HRs on average in the high-IAccs than in the low-IAcc group. This is frequently reported in the literature (e.g., Cameron, 2001; Fairclough & Goodwin, 2007; Knapp-Kline & Kline, 2005; Stevens et al., 2011) . We also observed that participant's sex, in interaction with manipulation conditions, affected their HR during the task. More importantly, however, neither of those effects indicated any difference in HR between the direct-gaze and averted-face conditions. The correlation analysis further ruled out the possibility that HR changes were responsible for the change in IAcc. However, we also realise that the present study involved not many participants (13) (14) (15) (16) in each between-participant group, and therefore, future replications with increased sample sizes will be required to fully clarify the interaction effects of sex and HRs on the modulation of IAcc. In this replication, other scales, including body mass index should be taken into account because it may be a potential confounder (Cameron, 2001) .
Conclusions
The present study showed that direct gaze enhances interoceptive accuracy. By employing a heartbeat-counting task, we demonstrated the effects of direct gaze on the sensitivity to internal sensations that arise continuously without external stimulation, related to the feeling of existence. The findings point to a significant role of social signals in our interoceptive processing, supporting the notion of the social nature of self-awareness.
